We have recently developed a new composite material, a clay-based film (CBF), for hydrogen tanks, with excellent hydrogen gas barrier properties and high durability. Preliminary test results showed that the hydrogen gas barrier properties of this material were approximately two to three orders of magnitude better than those of other polymer materials. We further investigated the relationship between the elongation and gas barrier properties of nanocomposite films composed of nylon and Li-exchanged smectite. As a result, we proposed films with a 70 % clay content, excellent in terms of both their elongation at break and gas barrier properties. Finally, multi-layered materials composed of carbon fiber reinforced plastic (CFRP) and CBF, and CFRP-based tanks were prepared using CBF. The developed material was shown to be highly applicable to lightweight hydrogen tanks for use in aircrafts, spacecrafts, and vehicles.
Introduction
Composite materials such as carbon fiber reinforced plastics (CFRP), superior in terms of their specific strength, are used for aircrafts, automobiles, etc., as an effective means to reduce weight. For this reason, the application of composite materials in hydrogen tanks for fuel cell cars, airplanes, and space crafts is also expected, but the hydrogen sealing performance of CFRP is inadequate. On the other hand, CFRP tanks consisting of an aluminum inner shell are excellent in terms of their hydrogen sealing performance, but from the viewpoint of further weight savings, the development of a composite material tank without using a metal inner shell is required. In order to promote fuel cell vehicles, the realization of a hydrogen station network is essential. A lightweight tank would also be expected for the transport of hydrogen to such hydrogen stations. For the above-mentioned reasons, the development of a barrier material that reduces the amount of hydrogen permeation from hydrogen tanks even during transportation and storage of hydrogen to the hydrogen station is required.
The National Institute of Advanced Industrial Science and Technology (AIST) previously succeeded in developing a clay-based film (CBF) 1) 5) that had excellent hydrogen gas barrier properties and could be manufactured as a roll of film. The Kyushu Institute of Te c h n o l o g y a n d T s u y a m a N a t i o n a l C o l l eg e o f Technology, which had been studying liquid hydrogen tanks made of CFRP for reusable space transportation systems, considered adopting this high hydrogen gas barrier film. In collaboration with AIST, research and development of an ultra-high pressure hydrogen gas storage tank made of a composite material using CBF was subsequently conducted 6), 7) . We have carried out the fundamental evaluation of the material, assuming use in outer space, with the Japan Aerospace Exploration Agency and Japan Atomic Energy Research and Development Organization since 2014.
Development of a Clay-based Hydrogen Gas Barrier Film
In order to improve the heat resistance and gas barrier performance of engineering plastics, layered silicate (clay) has been mixed in as fillers. Based on the "idea of reversal," it was proposed that the heat resistance and gas barrier properties of films can be dramatically improved by making this clay the main component, but not using it as an additive. Smectite clay was favorably used because of its excellent exfoliation properties. In general, natural smectite has a larger crystal size and higher gas barrier property than synthetic smectite, and its cost is lower. Therefore, natural clay is often used in applications where transparency is not required. Various organic additives may be added to the film as necessary for the purpose of improving its mechanical strength and realizing proper gas barrier properties. Such organic additives can be homogeneously mixed with clay crystals at the nanometer level, which suppresses the occurrence of microcracks.
A coating film was prepared by coating a paste, in which raw materials, clay, and plastic were homogeneously mixed in an aqueous system, to a certain thickness on a plastic or metal substrate, which was subsequently followed by drying. In addition, such a coating can be used as a self-standing film by peeling the dried film off the substrate surface. A barrier layer can thus be provided on the three-dimensional outer surface of an inner shell by spray coating or brush coating. Depending on the application, the dried film thickness can be adjusted from a sub-micrometer level to 100 micrometer.
In electron microscopic images of the cross-section of the clay, it was observed that densely-packed platelet crystals of the clay were oriented parallel to the film. It is thought that this structure provides the flexibility and gas barrier properties. A series of sharp basal reflections including primary ones were observed in the X-ray diffraction (XRD) pattern of the film, indicating that the clay crystals were stacked with high orientation at the nano level. As described above, since the clay had tens of thousands of stacked plate-like crystals of silicate, it could prevent the permeation of gas by the maze effect 8) (Fig. 1) . Hydrogen is, together with helium, the gas with the smallest molecular diameter and can easily permeate plastics. For example, while the oxygen permeability of polyethylene terephthalate (PET) is 150 cm 3 m -2 day -1 atm -1 , its hydrogen permeability under the same conditions is 6968 cm 3 m -2 day -1 atm -1 . Clay crystals, on the other hand, shield even small gas molecules such as hydrogen. In addition, since the components of clay are inorganic oxides, it has a wide operating temperature range and excellent flame retardancy.
As a hydrogen gas barrier film, we developed a standard type (ST) in which natural smectite was used as the clay component, and epsilon caprolactam as the additive. In addition, a highly heat-resistant type (HR) was developed using a mixture of natural smectite and swelling mica as the clay component, and epsilon caprolactam as the additive. However, the above films were water-soluble, and therefore are problematic for industrial applications. Subsequently, it was found that water-resistant clay films could be obtained by exchanging the interlayer ions of smectite by lithium, followed by heat treatment. This phenomenon is caused by the Hofmann-Klemen effect 9) of interlayer lithium ions migration to the octahedral vacancies of montmorillonite by heating.
A lithium-exchanged natural smectite (BentLi ) was thus used for preparation of a gas-barrier film 10) . Most of the exchangeable ions were Li , and the cation exchange capacity was 101.8 meq/100 g. Glycol lignin (GL), used as a binder, was obtained by acid-catalyzed solvolysis of the ceder with polyethylene glycol. The resulting film contained 80 wt% of BentLi and 20 wt% of GL, and was annealed at 100 for 5 h and 300 for 2 h. From the XRD spectrum and transmission electron microscopy (TEM) images, it was confirmed that the clay crystals were highly oriented ( Fig. 2) , exhibited d-spacing of 1.32 nm, and possessed a gallery height, which is the distance between the clay crystals, of about 0.3 nm. This height corresponded to a single carbon chain layer. The film had a water vapor transmission rate of 1.64 g m -2 day -1 and 90 % relative humidity at 40 , and the high water vapor barrier properties originated from not only the waterresistant smectite but also from the GL.
We then developed a water-resistant CBF (H2B) con-sisting of lithium-exchanged natural smectite and watersoluble nylon. It was confirmed from hydrogen permeability measurements that H2B had better hydrogen b a r r i e r p r o p e r t i e s t h a n b o t h S T a n d H R fi l m s ( Table 1) 11) 13)
. The additive content was between 5 % and 30 % with respect to the total weight of the clay and additives.
Recently, we proposed a new H2B type film by substituting the water-soluble nylon. Since the gas barrier properties of this film were very high and difficult to measure by gas chromatography, evaluation was attempted by differential pressure type mass spectrometry. Differential pressure type mass spectrometry is a method in which one side (supply side) of a film is filled with a test gas, while the opposite side (detection side) is set to an ultrahigh vacuum on the order of 10 -7 Pa; the gas that passes through the film from the supply side to the detection side is measured by mass spectrometry. By calibrating the mass spectrometer using a "standard conductance element," i.e., a quantitative gas introduction element made of a stainless steel porous sintered body 11), 12) , the gas permeability can be accurately measured. By simple proportional calculation, the hydrogen permeability of the new H2B film at room temperature was on the order of 10 -21 mol m m -2 s -1 Pa -1 . In order to evaluate the space environment compatibility of the above CBF, temperature cycle ( 200 to 120 , 8 cycles) and γ-ray irradiation testing (about 2.5 10 4 Gy, corresponding to 20 years in geosynchronous orbit) was done on new H2B. Hydrogen and oxygen gas permeability, as well as tensile strength before and after testing were evaluated 14) . As a result, there was no change in the permeability of both hydrogen and oxygen gas before and after testing (detection limit of hydrogen: 10 cm 3 m -2 day -1 atm -1 ; detection limit of oxygen: 100 cm 3 m -2 day -1 atm -1 ). There was also no difference in tensile strength before and after testing.
Oxygen compatibility is the issue of compatibility of materials for service in high concentrations of oxygen. It is a critical issue in space and aircraft applications. Aspects include effects of increased oxygen concentration on the ignition and burning of materials and components exposed to these concentrations in service. This is evaluated using an ambient pressure mechanical impact drop weight tester. An oxygen compatibility test was conducted twice, but ignition was not observed in either case, suggesting the possibility that the CBF could be used as a space material.
Relationship between Elongation and Gas Barrier Properties of the Film
For gas barrier liners of high pressure tanks, durability against distortion is needed, because distortions occur by pressure cycles, in particular at the joining portions between metal parts and the CFRP. If the elongation at break is insufficient, the gas barrier film will be broken by strain. Although the elongation of CFRP can be about 0.5 %, a gas barrier layer is required to withstand several times as much elongation. To improve the elongation at break of polymer-clay composite films, an increase in polymer ratio would be appropriate. However, a high polymer content results in a low barrier performance. Therefore, it was required to determine the composition that exhibits favorable properties in terms of both the elongation at break and gas barrier.
The relationship between the elongation and gas barrier properties of the film was therefore studied. To elucidate the mobility of gas molecules between clay platelets, the correlation between the clay to polymer ratio and gallery height was obtained. Li-exchanged natural smectite (Kunipia M, produced by Kunimine Industries, Tokyo, Japan) was used as the clay component, while water-soluble nylon (AQ nylon, produced by Toray Industries, Inc., Tokyo, Japan) was used as the plastic component. Composite films were prepared by a solution-casting method using uniformly mixed aqueous pastes containing the clay and plastic components. Table 2 shows the relationship between the weight ratio of clay and the elongation at break of the film samples. Clay-rich samples with a clay content higher than 80 % possessed an elongation at break of around 1 %. An inflection point in elongation at break values was seen at a clay ratio of about 70 %. When the clay content was decreased to 70 %, the elongation at break was improved to 2 %. Thus, a 10 % decrease in clay content from 80 to 70 % resulted in almost double the elongation at break. With regards to the gas barrier properties, the gas permeation ratio rapidly increased when the clay content decreased from 70 to 60 %. From the above, a clay ratio of 70 % was chosen as the optimum composition to balance the elongation at break and gas barrier properties. The layer spacing, or d-spacing, of clay crystals can be determined by XRD measurements of film samples. The gallery height can then be calculated by subtracting 0.96 nm, which is the crystal thickness, from the d-spacing value. The gallery height at the clay content of 70 % was thusly determined to be 1.0 nm, expanding to 1.4 nm at clay content of 60 %. Gas permeation further depends on the thermal vibration of the matrix plastic, which is suppressed in plastics sandwiched between clay platelets. The observed expansion of the gallery height at the lower clay content is thought to be related to fast permeation of gas molecules between clay platelets. Since the gas permeability was higher at a clay content of 80 % than at a content of 70 %, it was considered that the density of plastics between clay platelets was low at 80 % clay loading. Assuming that the specific gravity of clay and plastic were 2.5 and 1.1, respectively, the volume percentage of plastic was 36 % at a clay content of 80 %, which is smaller than the 49 % that was calculated from observed d-spacing. However, when the clay content was 70 %, the volume percentage of plastic was 49 %, roughly the same value as the 52 % calculated from observed d-spacing. These results indicate that at a clay content of 80 %, the density of plastic between the clay platelets was smaller than that of bulk plastic.
P re p a r a t i o n o f a C F R P / C B F M u l t i l a ye r Material
Since the CBF itself does not have sufficient mechanical strength, it is conceivable to utilize a multi-layered structure with CFRP to obtain a sufficiently pressure resistant structure. First of all, preliminary tests were carried out on CFRP/CBF multi-layered flat specimens molded by hot pressing 6), 7) . These specimens were prepared by sandwich molding; three layers of CFRP cross prepreg (PYLOFIL #380, manufactured by Mitsubishi Rayon Co., Ltd., Tokyo, Japan) were laminated, and HR-type CBFs with a thickness of about 40 μm were sandwiched between them, followed by heating and pressing by a hot press to form a platelet specimen of about 1 mm thick. Since the epoxy resin of CFRP also plays the role of adhesive between CFRP and CBF by sandwiching and heating in the prepreg state, there was no need to use an adhesive.
The hydrogen gas barrier properties of these specimens were measured using a gas chromatography method using hydrogen at a 7 atmospheric pressure. It was found that the hydrogen gas barrier properties were dramatically improved compared to those of conventional materials ( Table 1) .
From these hydrogen permeability measurements, it was concluded that CFRP can improve the gas barrier performance of CBF by its lamination with CBF, although CFRP alone also has some gas barrier properties.
To examine the adhesion state of the specimens, cross-sectional observations were made with both optical and electron microscopy. Although no adhesive was used between the CFRP and CBF, it was confirmed that the epoxy resin played the role of adhesive agent by attaching to the CBF while at the same time penetrating into gaps on the CFRP surface (anchor effect).
To test the durability of the material, it was exposed to 10,000 cycles of repeated strain as well as 100 repeated exposures to an extremely low temperature of 196 . It was confirmed that the hydrogen gas barrier properties showed almost no reduction, proving that this composite material is highly promising as a component of hydrogen tanks used at extremely low temperatures and high pressures.
Preparation of Hydrogen Tanks with CBF
Next, tanks with the multi-layered CFRP and CBF structure were fabricated. Two types of tanks were fabricated. The first one was a polyethylene liner type tank and the second one a disappearing mandrel type. The polyethylene liner type was a tank with a multilayered structure in which the CBF was applied via brush coating as a gas barrier layer on a blow-molded polyethylene liner, while a CFRP layer was subsequently applied via filament winding (Fig. 3) .
In the preparation of the disappearing mandrel type tanks, on the other hand, a protective layer was first applied to a foamed polystyrene mandrel, and the CBF was formed in the same manner as for the polyethylene liner tank (Fig. 4) . As for the application method of the CBF, in addition to brush or spray coating, a method of wrapping a free-standing film/tape or spreading film flakes may be utilized. The CFRP layer was applied on the CBF by filament winding. Then, the mandrel was dissolved with a solvent such as toluene. The advantage of the disappearing mandrel type tanks is the simultaneous increase of internal volume and decrease in weight. In either type, burst tests confirmed burst pressures of at least 2.3 times the assumed working pressure of 70 MPa for automotive hydrogen tanks. In addition, a helium gas permeation test at 100 atm was carried out. In the liner type tanks, gas permeation was not detected by a helium leak detector. In the mandrel type tanks, when evaluated with equipment using a gas chromatograph as a detector, gas permeation was suppressed to a low amount of 1.6 mL/L h (converted to 70 MPa) compared to the technical standard of 5 mL/L h for automotive hydrogen tanks.
Summary
In our previous studies, we have shown that CBF is an excellent hydrogen gas barrier material that can be applied to CFRP tanks. In the future, we will continue fundamental material evaluation and optimization of production procedures. This material is expected to be applied to gas tanks for fuel cell cars and aircrafts, which are required to be lightweight, to transportable liquid hydrogen storage facilities, and to hydrogen and oxygen tanks in space environments. 
